The purpose of this study was to investigate the influence of the force tremor (FT) on mechanomyographic (MMG) signals recorded by a condenser microphone (MIC) and an accelerometer (ACC) during measurement of agonist and antagonist muscles in sustained isometric contractions. Surface electromyographic (EMG) signals and MMG signals by MIC (MMG-MIC ) and ACC (MMG-ACC ) were recorded simultaneously on biceps brachii (BB) and triceps brachii (TB). Following determination of the isometric maximum voluntary contraction (MVC), 10 male subjects were asked to perform sustained elbow flexion and extension contractions at 30% MVC until exhaustion. We analyzed the root mean square (RMS) for all signals and compared the sum of the power spectrum (SPA) for 3-6 Hz and 8-12 Hz and the ratio of the sum of SPA for 3-6 Hz and 8-12 Hz in SPA for 3-100 Hz (SPA-FT /SPA-3-100 Hz ) between MMG-MIC and MMG-ACC . During all sustained muscle contractions, the RMS of EMG and MMG-MIC was significantly (pϽ0.05) increased in antagonistic muscle pairs, while the increase was more noticeable for the agonist than for the antagonist. In addition, the antagonist had a significantly (pϽ0.05) smaller amplitude than the agonist muscle. The RMS of MMG-ACC , however, showed no significant (pϾ0.05) difference in RMS amplitude and slope between agonist and antagonist muscles during flexion. In extension, the MMG-ACC -RMS amplitude showed a tendency to be higher in the antagonist than in the agonist, while their slopes showed no significant ( pϾ0.05) difference. The SPA for 3-6 Hz and 8-12 Hz in MMG-MIC showed a tendency to be higher in the agonist than the antagonist, and the slopes of the agonist were significantly (pϽ0.05) higher than those of the antagonist in all contractions. In MMG-ACC , SPA and slopes for 3-6 Hz and 8-12 Hz tended not to differ between agonist and antagonist. The SPA-FT /SPA-3-100 Hz in MMG-ACC showed that the antagonist was higher than that of the agonist in all contractions. The MMG-MIC , however, showed a tendency toward no difference between the agonist and antagonist. In the assessment of muscle activity during simultaneous measurement of the agonist and antagonist during sustained muscle contractions, the MMG signal detected by MIC appeared to be less affected by FT than by ACC due to the different inherent characteristics of the two transducers.
Introduction
As one of the main themes in physiological anthropology, the physiological characteristics of skeletal muscles have been widely researched. Thus far, various studies, including electromyographic analyses of muscle fatigue (Sato, 1959) , the neuromuscular mechanisms of skilled movements (Sato, 1963) , neuromuscular mechanisms (Sato, 1964) , the effects of mental loads on muscle tension (Iwanaga et al., 2000) , and effects induced by local temperature changes on muscle metabolism (Binzoni and Delpy, 2001) , have been carried out to research the physiological aspects of skeletal muscles.
Muscle fatigue is defined as any reduction in forcegenerating capacity (De Luca, 1984) and is a very important factor in physiological anthropology as it relates to skeletal muscle. To identify the physiological characteristics of muscle fatigue, an electromyogram (EMG) is commonly used as a physiological parameter pertaining to the electrical aspect since action potentials pertain to muscle activity (Stokes and Dalton, 1991) . It is well known that the EMG signal amplitude increases and the EMG signal power spectrum shifts toward lower frequencies during muscle fatigue (Bigland-Ritchie et al., 1981; Lindstrom et al., 1970) . Recently, the mechanomyogram (MMG) has been proposed as another physiological parameter with which to evaluate muscle activity (Mamaghani et al., 2001) . The MMG records low-frequency oscillations due to pressure waves originating from lateral expansion during muscle contraction (Orizio, 1993; Gordon and Holbourn, 1948; Stokes and Dalton, 1991; Mamaghani et al., 2001 ). The MMG is considered to reflect the mechanical aspects of motor unit strategies during muscle contraction (Orizio, 1993; Stokes and Dalton, 1991) . The MMG amplitude and frequency response change as a consequence of muscle fatigue and/or of changes in the muscle force level (Cescon et al., 2004) .
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Muscle fatigue has been known to influence the electrical and mechanical properties of the muscle fibers (Mamaghani et al., 2001) . Therefore, many investigations have used MMG to investigate the mechanical aspects of muscle during sustained muscle contractions. Sustained muscle contractions that lead to localized muscular fatigue are accompanied by a force tremor (FT) (Orizio, 1993; Gottlieb and Lippold, 1983; Gamet and Maton, 1989) . The FT is an involuntary rhythmic oscillation of human limbs in a low-frequency band. Because MMG detects and interprets vibrations of the skin surface below 100 Hz (Oster and Jaffe, 1980) , interpretation of the MMG signal can be affected by vibrations from FT. A few researchers have suggested that the MMG signal can be contaminated by FT, and the interpretation of MMG signals can be affected by FT (Barry, 1987; Oster and Jaffe, 1980; Itoh et al., 2000; Goldenberg et al., 1991; Orizio, 1993) . In particular, Barry (1987) has stressed that it is necessary to reduce or remove the influence of FT from MMG signals since FT may interfere with MMG signals, especially when fatigue is approaching. Goldenberg et al. (1991) have attempted to eliminate FT from MMG signals through the use of Fourier truncation during sustained muscle contractions.
To detect MMG signals, various transducers have been used, including piezoelectric contact sensors, condenser microphones, and accelerometers . The piezoelectric contact sensors have fallen out of favor because they have the disadvantage of relatively large mass and contact pressure (Smith and Stokes, 1993; Orizio, 1993; Madeleine et al., 2006) . The MMG signals recorded by different transducers differ in frequency response because of each type of transducer's inherent characteristics (Orizio, 1993; Watakabe et al., 2001 ). Therefore, a study comparing the amplitudes and frequency responses of the various types of transducers during static and dynamic muscle contractions was recently conducted (Jaskólska et al., 2007; Beck et al., 2006; Madeleine et al., 2006) . Smith and Stokes (1993) have suggested that because the contact pressure of each type of transducer is different, the influence of FT is different in each type of MMG transducer.
It has been suggested that an increase in antagonist activity induces a loss of force production capacity (Psek and Cafarelli, 1993; Ebenbichler et al., 1998) . Therefore, studies that measure and analyze the physiological characteristics of antagonistic muscle pairs during muscle fatigue have been carried out. The resonance of soft tissues is damped by muscle activity (Wakeling et al., 2002) . Therefore, if an antagonistic muscle pair is measured by MMG during muscle fatigue, one might expect FT to affect the agonist more than the antagonist measurements. Few studies on the influence and elimination of FT in MMG have been performed on the muscles of agonistic groups (Itoh et al., 2000; Goldenberg et al., 1991) . In particular, there have been no reports comparing MMG signals using different transducer types in terms of the influence of FT during simultaneous measurement of agonists and antagonists in muscle fatigue.
Therefore, the aim of the present study was to investigate the influence of FT on MMG recorded by a condenser microphone and an accelerometer for measurement of an antagonistic muscle pair during sustained muscle contractions.
Methods

Subjects
Ten right-handed healthy male volunteers (meanϮSD age: 23.2Ϯ1.5 years, height: 1.71Ϯ0.06 m, body mass: 61.5Ϯ 8.2 kg) participated in this study. The subjects had no muscular disorders of the upper limb. Informed consent was obtained from all participants.
Protocol and procedures
Each subject sat comfortably in a chair with his back in an upright position and with the elbow flexed at 90°. The forearm was in a supinated position and was not supported. A force transducer (No1269, Takei Kiki Kogyo Co) was fixed around the waist. Measurement consisted of two sessions of elbow flexion and extension contraction. The two sessions were performed in a randomized order with at least 1.0 h of rest. Each session consisted of the following.
1. Maximal voluntary contraction (MVC) 2. Sustained isometric contraction until exhaustion at 30% MVC To measure MVC, prior to the sustained contraction test, the subjects were asked to perform three 5-s MVC measurements with a 5-min rest between trials. After a 10-min rest, the subject performed sustained isometric muscle contractions at 30% MVC until exhaustion in an elbow joint angle of 90°. Visual feedback of force corresponding to the 30% MVC level was provided. Endurance time (T ET ) was taken as the point at which the force output was reduced by more than 10% from the target force.
EMG and MMG signal recording
The MMG-MIC signals were detected by a condenser microphone transducer (MIC; EM162S5A, PRIMO, bandwidth 1 Hz-10 kHz, diameter 10 mm, height 5.4 mm, weight 1 g, sensitivity Ϫ41 dBϮ3 dB at 100 Hz, 0 dBϭ1 V/Pa). A cylindrical air chamber, 10 mm in diameter and 15 mm in height, was attached to the MIC, and fixed on the skin surface using a plastic ring (Fig. 5) . The MMG-ACC signals were detected by an accelerometer (ACC; S13S5H62A, PRIMO, bandwidth 1-300 Hz, diameter 10 mm, height 5.1 mm, weight 1 g, sensitivity Ϫ34 dBϮ3 dB at 6 Hz, 0 dBϭ1 V/0.1 G). Both MMG transducers were attached by means of double-sided adhesive tape over the biceps brachii (BB) and triceps brachii (TB) muscle belly. The ACC transducer was positioned distal to the MIC. Surface EMG signals were recorded using surface electrodes (TSD150, BIOPAC systems, Gain 350, bandwidth 12-500 Hz, input impedance 100 MW, dimensions 17.4ϫ51ϫ6.4 mm, weight 9.5 g). The EMG electrodes were positioned close to the two MMG transducers on the longitudinal axis of the muscle.
Signal processing
All signals were converted from analog to digital at a 1 kHz sampling rate (A/D converter: BIOPAC Systems, Model MP-100-CE), and were stored in a computer. Prior to data analysis, the raw EMG, MMG-MIC , and MMG-ACC data were digitally filtered off-line (EMG, 10-500 Hz; both MMGs, 3-100 Hz). For all data, onset (0% T ET ) and terminal (100% T ET ) sequences of the sustained contractions and signals of nine equidistant points matching every 10% of the endurance time were analyzed with a 4-s epoch of each %T ET points.
For the EMG signals and both MMG signals recorded by MIC and ACC, the root mean square (RMS) was calculated. It has been reported that the FT has a broad frequency band of 1-25 Hz (Allum et al., 1978) . However, there may be a peak in the 8-12 Hz frequency band (Brown et al., 1982; Gottlieb and Lippold, 1983; Prochazka and Trend, 1988) and sometimes one in the 3-6 Hz (Brown et al., 1982) or 4-6 Hz frequency band (Gottlieb and Lippold, 1983) . Therefore, after the power spectrum was computed using fast Fourier transformation (the Hanning windows, 1024 point) for the MMG signals of both transducers, the sums of the power spectrum amplitude (SPA) for the 3-6 Hz and 8-12 Hz frequency bands were computed to compare the frequency characteristics of the MMG-MIC and MMG-ACC between the BB and the TB. In order to quantitatively evaluate the influence of FT on the frequency of the MMG recorded by both transducers, the power spectrum of MMG-MIC , calculated from the double differential of the MIC transducer signal, was computed since the physical values of MMG-MIC and MMG-ACC can be converted to each other using integral or differential computation . Then, the ratio of the sum of SPA for 3-6 Hz and 8-12 Hz in SPA for 3-100 Hz, which is expressed as the SPA-FT /SPA-3-100 Hz in percentage terms, is computed for both transducers at each %T ET . In order to differentiate them, we applied a difference algorithm of the AcqKnowledge 3.8.1 software (Biopac Systems) to the time series on the MIC signal. This algorithm calculates the differences between two selected data points and divided it by the number of intermittent data points. We calculated the amplitude difference between two continuous data points of each data point in a 4-s epoch of each %T ET .
Statistical analysis
Two-way (measurement for BB, TBϫ%T ET ) repeated measures analyses of variance (ANOVA) were used to analyze the RMS and SPA. When appropriate, follow-up analyses included one-way (%T ET ) repeated measures ANOVA. Paired t-tests were performed at each %T ET to determine the presence of a significant mean difference between the agonist and the antagonist. Linear regression analyses of RMS and SPA versus endurance time (%T ET ) were performed for both agonist and antagonist muscles. Then, the analysis of covariance (ANCOVA) was used to test the homogeneity of slopes between the agonist and the antagonist. In these analyses, RMS or SPA was considered the dependent variable, measurement muscles (BB, TB) were considered the fixed factor, and endurance time (%T ET ) was added as the covariate. For the SPA-FT /SPA-3-100 Hz , the overall mean values of the duration of endurance time were computed and linear regression analyses of the SPA-FT /SPA-3-100 Hz versus endurance time (%T ET ) were performed. In addition, the paired t-tests were performed between the agonist and the antagonist at each %T ET .
Control of motion artifacts
The mechanical vibrations of muscle include not only inner muscular vibration and FT but also motion artifacts due to large movements of the body (Tarata, 2003) . Motion artifacts occur in the lowest frequency bandwidth (Tarata, 2003) . Therefore, most studies have used a high pass filter between 0.1 Hz and 5 Hz to reduce motion artifacts in MMG signals. In this study, MMG signals recorded by both transducers used a 3-100 Hz band-pass filter. Moreover, the waist, chest, and shoulder of subjects were fixed with a belt. In addition, the subject was asked to use the position indicator to maintain the height of the forearm at an elbow joint angle of 90°, and his performance was observed with a video camera as a visual feedback system during testing. Therefore, the influence of motion artifacts may have been less in the present study.
Results
Endurance time
The meanϮSD of endurance time for 30%MVC during flexion and extension were 229Ϯ95 s and 309Ϯ86 s, respectively.
RMS for EMG and MMG
The results of the two-way (measurement muscle for BB, TBϫ%T ET ) and one-way ANOVA (%T ET ) and the paired t-test results on the RMS of EMG and MMG-MIC and MMG-ACC are given in Table 1 and Fig. 1 , respectively. The slopes and intercepts of linear regression analysis on RMS versus endurance time are presented in Table 2 . The RMS of EMG signals and MMG signals recorded by ACC and MIC were significantly (pϽ0.05) increased by increased time in the agonist and the antagonist during all contractions ( Fig. 1; Table  1, 2) . From the analysis of covariance (ANCOVA) in all contractions, the slopes of the agonist for EMG and MMG-MIC were significantly (pϽ0.05) higher than those of the antagonist. However, there was no significant ( pϾ0.05) mean difference between the agonist and the antagonist MMG-AAC slopes (Table 2) .
SPA for MMG signals recorded by ACC and MIC
3-6 Hz: The results of two-way and one-way ANOVA and the paired t-test using the SPA results for 3-6 Hz of MMG-MIC and MMG-ACC are given in Table 1 and Fig. 2 , respectively. The slopes and intercepts of linear regression analysis of 124 Comparison of an Accelerometer and a Condenser Microphone the SPA for 3-6 Hz are presented in Table 2 . A graphic representation is given in Fig 2. The analysis of covariance (ANCOVA) for MMG-MIC results in all contractions showed that the slopes of the agonist were significantly ( pϽ0.05) higher than those of the antagonist. However, the MMG-ACC slope values during flexion and extension were not significantly (pϾ0.05) different (Table 2) . 8-12 Hz: The results of the two-way and one-way ANOVA and the paired t-test using SPA values for 8-12 Hz of MMG-MIC and MMG-ACC are given in Table 1 and Fig. 3 , respectively. The slopes and intercepts of linear regression analysis of the SPA for 8-12 Hz are presented in Table 2 . A 
graphic representation is given in Fig. 3 . From the analysis of covariance (ANCOVA) of MMG-MIC in all contractions, the slopes of the agonist were significantly ( pϽ0.05) higher than those of the antagonist. The mean MMG-ACC values of the two muscles during flexion were not significantly ( pϾ0.05) different, while the slope of the antagonist was significantly (pϽ0.05) higher than that of the agonist in extension (Table 2) .
SPA-FT /SPA-3-100 Hz for MMG signals recorded by ACC and MIC
In the MMG-MIC , the overall mean value of the duration of endurance time was 15.96Ϯ8.78% in the agonist and 14.06Ϯ9.75% in the antagonist during flexion, and 12.11Ϯ 6.02% in the agonist and 18.74Ϯ10.35% in the antagonist during extension. In the MMG-ACC , the mean values of the agonist and the antagonist were 42.29Ϯ13.50% and 59.74Ϯ 17.74% in flexion, and 45.68Ϯ13.97% and 73.39Ϯ12.95% in extension, respectively. Linear regression analysis indicated that there was an increase of SPA-FT /SPA-3-100 Hz of the agonist and the antagonist muscles in MMG-MIC (pϽ0.05, rϭ0.28ϳ0.37) and MMG-ACC (pϽ0.05, rϭ0.20ϳ0.32) during all contractions, except for the MMG-ACC in the agonist during extension. The results of the paired t-test are given in Fig. 4 .
Discussion
RMS for EMG and MMG
The EMG amplitude reflects the number of recruited motor units (MU) and their firing rate in active muscle (Basmajian and De Luca, 1985) . It is well known that increases in EMG amplitude during sustained muscle contractions are due to fatigue-induced increases in MU recruitment and the firing rate, and are commonly considered an indication of muscle fatigue (De Luca, 1984; Basmajian and De Luca, 1985) . This phenomenon compensates for the loss of force production in previously activated MUs due to fatigue (Weir et al., 2000) . In Comparison of an Accelerometer and a Condenser Microphone the antagonist and agonist, it is has been suggested that each motor neuron pool of the antagonistic muscle pair is controlled by a single input (i.e., excitatory and inhibitory) of the central nervous system during muscle contraction (Bernardi et al., 1997; Psek and Cafarelli, 1993) . This notion is known as "common drive." Bernardi et al. (1997) have suggested that because a similar motor unit recruitment strategy is applied to the agonistic muscle pair, the agonist and antagonist have similar characteristics. Moreover, because the intensity of the antagonist input is smaller, its motor-unit recruitment and firing rate are lower than those of the agonist. In the present study, during sustained muscle contractions in flexion and extension, there was an increase of EMG-RMS values of the agonist and the antagonist muscles. This increase was more noticeable for the agonist than for the antagonist muscles. In addition, the antagonist had a smaller amplitude than the agonist ( Fig. 1a ; Table 1 , 2). Our EMG result is consistent with those of previous investigations (Gamet and Maton, 1989; Psek and Cafarelli, 1993; Ebenbichler et al., 1998) . The MMG amplitude reflects the number of active motor units and their firing frequencies (Orizio, 1993) . It has been suggested that the changes in amplitude and frequency of MMG during sustained muscle contraction can be attributed to changes not only in the number and firing rate of the active MUs but also in contractile fiber properties (Orizio, 1993; Orizio et al., 2004; Mamaghani et al., 2001) . During sustained muscle contractions, it has been reported that the MMG amplitude in the agonist is increased or decreased by the intensity of the force level (Orizio et al., 1989a; Mamaghani et al., 2001; Itoh et al., 1997) . Orizio et al. (1989a) have reported that the MMG amplitude for biceps brachii decreases at highintensity (60% and 80% MVC) but increases at low-intensity (20% and 40% MVC) force levels. Increased amplitude during low-intensity force level contractions result from an increase in the synchronization and firing rate of the previously activated MUs and new recruitment of fast-twitch MUs as fatigue develops. In contrast, the amplitude is thought to decrease at high-intensity force levels because increased recruitment of slow-twitch MUs is accompanied by the recruitment of fasttwitch MUs for the high-intensity force at the onset of the contraction, and the muscle is stiffened by tetanus and fusion of muscle fiber as fatigue develops (Orizio, 1989a; Itoh et al., 1997) . It was found in the present study that at a low-intensity (30%MVC) force level the agonist RMS of MMG signals with both transducers increases during sustained muscle contractions in all contractions (Fig. 1b, 1c ; Table 1 , 2). Our result for the agonist is in good agreement with those of previous investigations (Mamaghani et al., 2001; Madeleine et al., 2002; Goldenberg et al., 1991) . In regard to the relationship between MMG and force level, the MMG amplitude is reported to be highly correlated with force production up to 80%MVC (Orizio et al., 1989b) . Ebenbichler et al. (1998) have reported that the EMG activity of the antagonist is approximately 5-10% of its maximum activity in lower limbs during sustained muscle contractions at 30-70% MVC. Madeleine et al. (2002) have reported that the RMS of MMG for biceps brachii is increased during sustained muscle contraction at 10% MVC. Thus, in the present study, it may be expected that the antagonist activity is at a lowintensity force level and that the MMG amplitude of the antagonist is increased during muscle fatigue, while the RMS amplitude of the antagonist is lower than that of the agonist. Gordon and Holbourn (1948) have reported that MMG signals reflect the mechanical counterpart of the motor unit electrical activity, as detected by EMG. Tarata et al. (1997) have reported that EMG and MMG signals detected simultaneously from the same muscle express similar behavior. Thus, from the above and the notion of "common drive," it may be expected that changes in the trend and magnitude of MMG-RMS amplitude in antagonistic muscle pairs show similar behavior to those of EMG results.
During flexion and extension in the present study, the RMS of MMG-MIC was increased in antagonistic muscle pairs, while the increase was more noticeable for the agonist than for the antagonist. In addition, the antagonist had a smaller amplitude than the agonist (Fig. 1b; Table 1, 2) . However, the RMS of MMG-ACC at each %T ET and the slopes for the agonist and the antagonist muscles in flexion showed no difference ( Fig. 1c ; Table 2 ). In extension, the RMS of MMG-ACC values in the antagonist tended to have a higher amplitude than those of the 128 Comparison of an Accelerometer and a Condenser Microphone agonist, and the slope of the antagonist was no different from that of the agonist ( Fig. 1c ; Table 2 ). The results of MMG-MIC and MMG-ACC were largely different, while MMG-MIC results were similar to those of EMG. The MMG signal is influenced by muscle architecture, including muscle fiber distribution, muscle length and mass, and FT (Yoshitake and Moritani, 1999; Orizio, 1993; Weir al., 2000) . Although the BB and TB have different muscle architecture (Murray et al., 2000; Elder et al., 1982) , the present study has shown that the RMS results of MMG-ACC and MMG-MIC are similar in the agonist and the antagonist muscles, regardless of the contraction direction (i.e., flexion and extension). This result may suggest that different RMS results in the two transducers can be attributed to the influence of FT rather than muscle architecture. The SPA-FT /SPA-3-100 Hz results may support this suggestion. The SPA-FT /SPA-3-100 Hz in MMG-ACC at %T ET showed that the antagonist was significantly (pϽ0.05) higher than that of the agonist in all contractions, expect for 60% T ET in extension. However, the MMG-MIC showed no real difference between the agonist and antagonist (Fig. 4) . The mean values of SPA-FT /SPA-3-100 Hz in MMG-ACC (42.29%ϳ73.29%) were shown to be higher than in MMG-MIC (12.11%ϳ18.74%) in the agonist and the antagonist during all contractions. In particular, in antagonists, the mean values of SPA-FT /SPA-3-100 Hz in MMG-ACC (flexion: 59.74%, extension: 73.39%) were shown to be higher than in MMG-MIC (flexion: 14.06%, extension: 18.74%). The resonance of the soft tissues on muscle is damped by muscle activity (Wakeling et al., 2002) . Therefore, the influence of FT may appear more clearly in the MMG-ACC than the MMG-MIC of the antagonist due to different inherent characteristics, although the MMG signals of both transducers are affected by FT.
Influence of FT on the transducer type of MMG
The power of the MMG spectrum is enlarged by increasing the force level (Orizio, 1993) and fatigue (Itoh, 1995) . In the present study, SPA for 3-6 Hz and 8-12 Hz at each %T ET in MMG-MIC showed a tendency to be higher for the agonist than for the antagonist, and the slopes for the agonist at 3-6 Hz and 8-12 Hz were higher than those for the antagonist during all contractions ( Fig. 2a, 3a ; Table 2 ). In contrast, in MMG-ACC , the SPA at 3-6 Hz and 8-12 Hz showed no difference between the agonist and antagonist, except that the antagonist tended to be higher than the agonist in 8-12 Hz during extension. In addition, there were no differences in the slopes of the agonist and antagonist at either 3-6 Hz or 8-12 Hz during all contractions, except that the antagonist slope was higher than the the agonist slope at 8-12 Hz during extension ( Fig. 2b, 3b ; Table 2 ). Madeleine et al. (2006) have reported that agonist MMG signals recorded with ACC and MIC show differences in frequency response during sustained muscle contractions and have suggested the cause to be the different inherent characteristics of the two transducers. In addition, Jaskólska et al. (2007) have reported that during eccentric contractions, MMG signals detected by the two transducers in the agonist have different behaviors in terms of frequency and amplitude because of the influence of movement artifacts or/and FT. Therefore, the SPA results in the present study may more clearly suggest that the influence of FT on MMG signals recorded by MIC and ACC differ due to the different inherent characteristics of the two transducers.
It has been suggested that the ACC and the MIC systems for MMG recording detect different physical values by surface skin vibrations, and that the MMG recorded by both transducers showed differences in frequency response due to the different detection mechanisms ). The ACC is commonly designed with a seismic system and directly detects acceleration of surface skin vibration with discrete mass-viscoelectric elements (Fig. 5) Watakabe et al., 1998) . In principle, acceleration is detected as an electric change according to the distance change of electrodes caused by the movement of the housing . In contrast, the MIC detects sound wave as electric fluctuation on the back plate according to the change in capacitance between the back plate and the diaphragm (Fig. 5) . The MIC is considered to indirectly detect displacement of surface skin vibration through changes of pressure in the air chamber. Itoh et al. (2001) have suggested that the MMG signals of a MIC and an ACC have a relationship that they can convert mathematically (i.e., double integral or double differential) and have shown that the frequency response of both MMGs is similar using a mathematical transform. They suggested that, as a consequence, the MIC reflects a displacement of skin surface vibration.
From the above different detection mechanisms of the MIC and the ACC, it may be expected that when the ACC is influenced by FT, acceleration is detected because the FT moves the housing, not the mass itself. In contrast, the MIC may be little affected by FT because all components (even air in the chamber) are moved together with FT. This detecting system may cancel out the influence of the FT. This inherent characteristic of a MIC may be supported by the following report. Watakabe et al. (2001) have reported that the sensitivity of the MIC is reduced to one third in voluntary muscle contraction than in a mechanical excitation test, and that the MIC is less affected by specific deformities than is the ACC in a frequency range of below 15 Hz and in the RMS amplitude. In addition, they showed that the MIC does not produce an output signal when it is shaken, which we confirmed in the present study. In addition, with this peculiar characteristic of the detecting system, the plastic ring may reduce the influence of FT. The skin vibration adjacent to the plastic ring is forced to be motionless . We used MIC and the ACC transducers that have a flat frequency response between 3 and 100 Hz in the present study (from the manufacturers' specifications). However, it has been suggested that the frequency responses of the MIC are strongly influenced by the volume of the air chamber. Watakabe et al. (2001) recommend an air chamber at least 10 mm in diameter and 15 mm in length, even with a cut-off frequency of 2-4 Hz. In the present study, we used an air chamber 10 mm in diameter and 15 mm in length for the MIC. Therefore, we expected that there would be no difference in sensitivity between the MIC and the ACC. However, the cut-off frequency of 2-4 Hz may have affected the results of a frequency of 3-6 Hz in the MIC.
In conclusion, we investigated the influence of FT on MMG signals recorded by an ACC and a MIC during muscle fatigue of agonist and antagonist muscles. The present results found in all contractions that the RMS of MMG-MIC was increased in antagonistic muscle pairs, while the increase was more noticeable for the agonist than for the antagonist. Furthermore, the antagonist had a smaller amplitude than agonist muscles. This result is similar to that of the EMG. But the MMG-ACC was markedly different. A frequency analysis of both transducers' MMG signals supported the possibility that an ACC is more strongly affected by FT than is a MIC. Therefore, the MMG detected by a MIC appears to be less affected by FT than that by an ACC, due to the different inherent characteristics of the two transducers in the assessment of muscle activity during muscle fatigue of agonist and antagonist muscles.
We searched for studies on the influence of FT on MMG, but most articles had only investigated the agonistic muscle group (Itoh et al., 2000; Goldenberg et al., 1991) . Moreover, there are no reports comparing MMG signals using different transducer types in terms of the influence of FT during measurement of an agonistic muscle pair. The results of the present study may be useful for the selection of an MMG sensor type when researching physiological mechanical aspects of antagonistic muscle pairs during muscle fatigue.
